The first part of this study demonstrated that magnetorheological fluid undergoes squeeze-strengthening in pure squeeze conditions that promote filtration. This behavior, however, is greatly reduced when shear deformation is superimposed onto the squeezing motion. In order to understand this phenomenon and achieve high yield stresses at high rotational velocities, the second part of this study conducts a thorough experimental characterization of magnetorheological fluid behavior under combined squeeze-shear. After demonstrating that a von Mises yield criterion is applicable to magnetorheological fluid, this criterion is included in the Péclet number, derived in the first part of this study, and used to predict filtration in magnetorheological fluid submitted to simultaneous squeeze-shear. Results show squeezestrengthening is well predicted in squeeze-dominant flows but gradually delayed in shear-dominant flows. In such conditions, a better prediction is provided by a modified Péclet number, which also takes into account the evolution of the magnetorheological fluid microstructure through the squeeze-to-shear-rate ratio. This ratio is also found to dictate the linear relation between shear stress and compressive force when squeeze-strengthening is observed. Based on the provided understanding, high yield stresses (.1000 kPa) are obtained at high rotational velocities (200 r/min) by maximizing the filtration phenomenon in order to achieve squeeze-strengthening at high compression velocities (5 mm/s).
Introduction

Background
Magnetorheological fluids (MRFs) consist of magnetically soft (e.g. iron) micron-sized particles dispersed in a liquid carrier (e.g. oil). Although MRFs are twophase fluids, their rheological behavior is often modeled as a homogeneous Bingham fluid
where t 0 ðBÞ is the MRF yield stress, B is the magnetic field, m is the bulk suspension viscosity, and _ g is the shear rate.
The Bingham rheological model is often used to design rotary devices, such as MRF clutches (Kavlicoglu et al., 2006) and brakes (Senkal and Gurocak, 2010) , which are optimized by the design of the their magnetic circuit and shear interfaces (Avraam, 2009; Park et al., 2008) as well as the proper selection of MRF. However, MRF yield stress resulting from pure shear is fundamentally limited to ;100 kPa (Carlson and Jolly, 2000) by the particle volume concentration ðfÞ and magnetic saturation ðB max Þ (Ginder and Davis, 1994) .
Squeeze-strengthening offers an interesting opportunity to improve rotary device (e.g. clutch and brake) torque output beyond conventional limits as it has been shown to increase shear yield stress by more than an order of magnitude in pure squeeze conditions. This squeeze-strengthening, or super-strong behavior, was first demonstrated in high concentration ðf = 45%Þ MRF, which reached 800 kPa shear yield stress after squeezing (Tao, 2001) . Subsequent studies demonstrated similar results, reaching 1100 kPa (Wang et al., 2008) and 1500 kPa (Zhang et al., 2004) , respectively, in pure squeeze conditions. In such conditions, the squeezestrengthening phenomenon was visually attributed to a structural reorganization of the MRF into thick columns, which were capable of resisting high static compressive loads until they broke down under large shear (Tao, 2001) . From a macroscopic perspective, this process was shown to generate a shear yield stress ðt y Þ which is proportionally linked normal pressure ðPÞ by a factor 0:221\K H \0:267, which increases with magnetic field strength (Tao, 2001) 
While some studies indicate that MRF yield stress may also be influenced by hydrostatic pressure Dragoni, 2012, 2014) , no such correlation was found in the first part of this work (Bigueé t al., 2017) . The first part of this work did show, however, that the occurrence of MRF squeeze-strengthening in pure squeeze conditions can be predicted by a Pe´clet number, derived to quantify the ratio of advective (bulk fluid movement) to filtration (phase separation) flow that occurs during the compression of MRF (Bigueé t al., 2017) . While this Pe´clet number could be used to guide the design of squeeze-strengthening devices, this approach has yet to be adapted to simultaneous squeeze-shear conditions. Under simultaneous squeeze-shear, a MohrCoulomb model has been proposed to explain the yield stress distribution of MRF evolving in filtration conditions, that is, when squeeze-strengthening occurs (Becnel et al., 2015; Tao, 2001) . To the best of our knowledge, however, no constitutive model has been experimentally shown to describe the behavior of MRF in advective conditions. Moreover, no model can yet predict the occurrence of squeeze-strengthening in MRF under simultaneous squeeze-shear. Regardless of this current lack of understanding, recent studies have attempted to exploit squeeze-strengthening in order to enhance the MRF yield stress of rotary devices using eccentric rotors (Becnel et al., 2015; Hegger and Maas, 2015) , modified interface geometries (Bigue´, 2016; Golinelli et al., 2016; Nam and Ahn, 2009) , or by directly combining squeeze and shear motion (Bigueé t al., 2015; Kulkarni et al., 2003; Sarkar and Hirani, 2013) , but such studies have achieved mitigated results. While some studies appear to generate high yield stresses (Sarkar and Hirani, 2013) , others record smaller gains (Becnel et al., 2015; Bigue´et al., 2015; Hegger and Maas, 2015) . Some even report that superimposing a squeezing motion onto a shearing flow does not always result in an increase in MRF yield stress (Golinelli et al., 2016; Kulkarni et al., 2003) .
A preliminary understanding of this behavior can be found in our previous work (Bigue´et al., 2015) where the squeeze-strengthening behavior was greatly reduced when superimposed rotary shear rate approached the shear rate induced by compression. While this understanding may help predict the occurrence of squeezestrengthening or explain the mitigated results stated above, the understanding currently limits the squeezestrengthening behavior to very low rotational velocities (1 r/min). In order to achieve high yield stresses in practical devices, which often operate at high rotational velocities (.100 r/min), further work is required to understand, predict, and control the conditions leading to squeeze-strengthening behavior.
Proposed research
In order to achieve squeeze-strengthening at high rotational velocity, it is crucial to first understand the impact of rotation on the constitutive behavior of MRF. Thus, this study conducts a thorough experimental characterization of the behavior of highconcentration MRF under combined squeeze-shear conditions. Experimental results first demonstrated that the typical MRF behavior under simultaneous squeeze-shear in low plasticity numbers can be described by a von Mises yield criterion. Including this yield criterion in the Pe´clet number provides a good correlation to the occurrence of squeeze-strengthening in squeeze-dominant flows, but is gradually delayed as flow tends toward shear dominance. A better correlation is found when using a squeeze-strengthening criterion, which also takes into account the evolution of the MRF microstructure through the squeeze-toshear-rate ratio. This shear-rate ratio is also found to play a key role in the magnitude of the linear relation between shear stress and compressive force when squeeze-strengthening behavior is observed and found maximal when squeeze and shear rates are roughly in a one-to-one balance. Based on the provided understanding, it is experimentally demonstrated that high yield stress (.1000 kPa) can be obtained at high rotational velocities (e.g. 200 rev/s) by maximizing the filtration phenomenon in order to achieve squeezestrengthening behavior at high compression velocities (e.g. 5 mm/s).
MRF behavior under simultaneous squeeze-shear
Péclet number for squeeze-shear conditions As seen in Figure 1 , slow compression of MRF generates a radial (or outward) flow, with average shear rate _ g sq and a shear stress t sq . For a fluid composed of two phases, the fluid movement induced by compression may be advective (homogeneous) or diffusive (filtration) (Collomb et al., 2004) . To distinguish between advective and diffusive flow timescales, a Pe´clet number has been derived specifically for two-phase fluids exhibiting power-law rheological behavior (Collomb et al., 2004) . In the first part of this work (Bigue´et al., 2017) , this original Pe´clet number was adapted to MRF rheological behavior and presented in non-dimensional terms as the ratio of non-dimensional viscosity ðm Ã Þ to a modified Darcy number
In pure squeeze conditions, neglecting the viscous term in the Bingham equation (1), the non-dimensional viscosity and Darcy number can be described as
where m c is the carrier phase viscosity. k is the Darcy permeability of the MRF, which can be estimated as (Yang, 2003) 
where r avg is the MRF particle radius and e = ð1 À fÞ is the volumetric oil concentration. Combining equations (3), (4), and (5) yields the Pe´clet number
Under pure compression, compressive stress t sq from equation (7) is mainly dependant on material yield stress t 0 (Bigue´et al., 2017) . However, under simultaneous squeeze-shear, knowledge of MRF combined stress-state is required to properly evaluate compressive stress t sq .
As seen in Figure 2 , when an MRF is submitted to simultaneous squeeze-shear, the superimposed rotation mainly creates an orthogonal shear flow with an average shear rate _ g sh and shear stress t sh . While MRF behavior under such conditions has rarely been studied, the calculation of an equivalent stress using a von Mises criterion has demonstrated good results for similar fluids (e.g. gels, emulsions, and foams) (Ovarlez et al., 2010) . Applying the von Mises criterion to MRF, while neglecting any contribution from the axial or hydrostatic pressure and viscosity, the equivalent stress ðt v Þ can be defined
In advective conditions, the equivalent shear stress must be lower or equal to the material yield stress ðt v t 0 Þ. Assuming the magnitudes of the induced stresses in simultaneous squeeze-shear are proportional to the magnitudes of the shear rates in each direction, the orthogonal stresses can be estimated as
where h is the ratio of average squeeze-rate ð _ g sq = V =2hÞ to average shear-rate ð _ g sh = OÞ as defined for an annulus geometry near plate center (Bigue´et al., 2017)
Since t sq t 0 , it can thus be understood from equation (7) that a direct consequence of superimposed rotational velocity is an increase in the Pe´clet number (reduced filtration). Since a change in rheological behavior is expected when filtration and advection are in balance (e.g. Pe = 1 for high-concentration MRF), the superimposed rotation is thus expected to decrease the gap height ðhÞ where this phenomenon occurs. In other words, superimposed rotation reduces the yield stress which opposes radial flow, from which originates the filtration phenomenon.
MRF squeeze-strengthening behavior under simultaneous squeeze-shear While equation (7) indicates that the advection/filtration balance is directly affected by the superimposed rotation, the squeeze-strengthening behavior itself can also be affected by superimposed rotation. When operating in the filtration-dominated regime, the general understanding of the squeeze-strengthening behavior is that compression leads to a microstructural organization of MRF particles which can support compressive forces (De Vicente et al., 2011) , as schematized in Figure 3 (a). However, the subsequent rotation leads to the destruction of the microstructure, as seen in Figure 3 (b) (Tao, 2001) . Hence, the rate of creation (squeeze) and rate of destruction (shear) of the MRF microstructure control the occurrence and/or amplitude of squeeze-strengthening behavior when squeeze and shear occur simultaneously.
Taking the squeeze-to-shear-rate ratio h as the rate of creation/destruction of the MRF microstructure, the Pe´clet number can be modified ðPe Ã Þ by a squeezestrengthening criterion ðS = ðh + 1Þ=hÞ, which accounts for the evolution of the MRF microstructure as well as the filtration induced by simultaneous squeeze-shear conditions
Equation (12) indicates that the microstructure of squeeze-dominant flows ðh ! 'Þ should be largely unaffected by the superimposed rotation (S ! 1 and Pe Ã 'Pe). In such conditions, the squeeze-strengthening behavior can be predicted by the Pe´clet number as demonstrated in the first part of this work (Bigue´et al., 2017) . However, as flow tends toward shear dominance (h ! 0), the squeeze-strengthening criterion ðS ! 'Þ further delays the Pe´clet number predictions (Pe ! '), and squeeze-strengthening occurs at smaller gap heights.
Methodology
Simultaneous squeeze-shear tests are performed in order to study the behavior of high-concentration MRF. Results are initially used to validate the von Mises yield criterion in advective conditions, before any occurrence of squeeze-strengthening behavior. Occurrence of squeeze-strengthening is then identified from all tests and compared to the Pe´clet number in order to understand the impact of rotation on the occurrence of squeeze-strengthening. Finally, the evolution of MRF yield stress after squeeze-strengthening occurrence is also studied in order to better understand the interaction between squeeze and shear.
Section ''Experimental procedure'' presents the experimental testing procedures used in this study. Section ''Test apparatus'' then details the clutch used to perform all experimental tests. Finally, section ''MRF formulations'' presents the different MRF formulations tested in this study.
Experimental procedure
Simultaneous squeeze-shear tests are performed by imposing a constant compression speed (V) from an initial gap height (e.g. h i = 1 mm) down to a gap height of 0.1 mm (or maximum force of 11 kN), while MRF is submitted to a fixed coil current and a fixed rotational speed ðOÞ. Unless noted otherwise, tests are performed using compression speeds between 0:05 and 5 mm=s, magnetic fields from 0 to 1 T, and rotational speeds between 0 and 5 r/min. Note that for some tests, however, the ratio h is fixed rather than the rotational speed. In such tests, the compression speed V is constant and the rotational velocity O is adapted to gap height according to equation (11).
From all simultaneous squeeze-shear tests, torque ðT Þ measurements are converted into shear yield stress t 0 sh by assuming a constant shear stress ðt sh Þ distribution over the surface and neglecting viscous stress due to relatively low rotational speeds
where R i = 38:10 mm and R e = 50:8 mm are, respectively, the inner and outer plate radii of the interface geometry as shown in Figure 4 . As in this first part of this study, squeeze flows correspond to low plasticity numbers ðS\0:05Þ, which are dominated by yield stress, and thus, the compressive yield stress t 0 sq can be determined directly from the compressive force F (De Vicente et al., 2011; Meng and Filisko, 2005) t sq 't 0 sq = 3 2 where R eq = 24:4 mm is the equivalent radius of the annulus geometry. The equivalent radius is the radius that provides same compressive yield stress between annulus and disk geometries, as determined in the first part of this study (Bigue´et al., 2017) .
Test apparatus
The clutch apparatus used to experimentally investigate MRF is shown in Figure 5 with an annular interface geometry. To control the constant shear of the MRF, its interface is controlled by a direct drive motor. Angular position of the shear interface is monitored by a high-precision digital encoder, while shear stress is monitored by an in-line torque transducer. A ball-screw linear actuator is used to control the MRF gap height through the linear displacement of a pre-loaded ball-spline. MRF gap height is monitored by a laser displacement sensor, while axial force is measured by an in-line force sensor. Since the test apparatus is a constant area device, elastic membranes are located inside and outside of the clutch to allow the MRF to flow freely from the squeeze-shear interface. A pressure sensor is also used to correct the axial force measurement in case of additional pressure increase.
The magnetic circuit is composed of 1010 lowcarbon steel. The magnetic field at the MRF interface is controlled by a pair of coils, each made from 500 turns of 0.455 mm (25 AWG) magnet wire. As shown by the finite element method magnetics (FEMM) simulation, which is superimposed onto the axisymmetric view in Figure 5 , the magnetic field in the MRF is validated and monitored through a circumferential air gap, located in the outer casing, using a gaussmeter. For each test, the coil current is fixed and the corresponding average magnetic field ðBÞ is used to facilitate comparison between different tests by providing order-ofmagnitude magnetization for each test.
MRF formulations
In order to easily control their composition (e.g. presence of additives, base oil viscosity, and particle size), two custom MRF formulations, with the specifications listed in Table 1 , are made for this study. MRF#1 contains 47% (by volume) of carbonyl iron particles (3-5 mm radius) dispersed in a low-viscosity silicone oil that exhibits Newtonian behavior. High-concentration MRF#1 was chosen to further the understanding provided in part 1 of this study, where it was used to demonstrate direct correlation between squeezestrengthening occurrence and the Pe´clet number in pure compression (Bigue´et al., 2017) . A high-concentration MRF is also chosen for simplicity as low-concentration MRF submitted to filtration conditions was found to possibly require an increase in the concentration before squeeze-strengthening occurs (Bigue´et al., 2017) .
MRF#2 is made with 50% (by volume) of iron cobalt (FeCo) water atomized particles (20-30 mm radius), provided by Carpenter Technology Corporation, and dispersed in a low-viscosity silicone oil in order to increase filtration ðkÞ almost 30 3 over MRF#1. Again, a high concentration is selected for simplicity, but also to minimize sedimentation, which can be very significant when using large particles dispersed in low-viscosity oil.
Results and discussion
The following section is divided into three main subsections. Subsection ''MRF typical behavior under simultaneous squeeze-shear'' describes the typical MRF behavior observed in simultaneous squeeze-shear tests. The subsection details the MRF yield stress distribution before the occurrence of squeeze-strengthening, the occurrence of squeeze-strengthening, and the evolution of MRF yield stress after squeeze-strengthening.
Due to large volume of tests performed, only representative data are shown (e.g. high-concentration MRF#1 at high-0.82 T-magnetic fields). Once the typical MRF behavior is explained, subsection ''MRF squeeze-strengthening under simultaneous squeeze-shear'' investigates the impact of rotation on the occurrence and evolution of squeeze-strengthening. In this subsection, occurrence of squeeze-strengthening is mainly presented in non-dimensional form (equation (3) and equation (12)) in order to provide general tendencies and compare the occurrence of squeezestrengthening behavior to the filtration phenomenon.
Finally, subsection ''Achieving MRF squeezestrengthening under simultaneous squeeze-shear at high rotational speeds'' uses the provided understanding to demonstrate how the squeeze-strengthening behavior can be achieved at high rotational velocities using MRF#2. Figure 6 shows the typical compressive and shear stress curves obtained from simultaneous squeeze-shear tests. Figure 6 (a) shows a fairly constant compressive stress as a function of gap height ðhÞ, which increases with compression speed. Inversely, Figure 6 (b) shows a decreasing stress with compression speed. At slowest compression speeds, the shear stress becomes very significant (.400 kPa) at small gap heights.
MRF typical behavior under simultaneous squeeze-shear
To better understand the observed behavior, a yield diagram is created in Figure 7 (a) using the data from Figure 6 . Compressive stress ðt sq Þ and shear stress ðt sh Þ values are taken before any occurrence of squeezestrengthening or filtration at h;0:8 mm and divided by the yield stress ðt 0 Þ obtained from a pure squeeze test.
In Figure 7 (a), resulting data (blue circles) fall onto a circle of radius ;1 (dashed line), indicating that MRF equivalent stress distribution is fairly well represented by the von Mises criterion. However, the equivalent shear stress (see equation (8)) which arises from shear-dominant flows appears underestimated ðt sh =t 0 \1Þ compared to the equivalent shear stress which arises from dominant squeeze flows due to neglected viscosity.
As seen in Figure 7 (b), MRF yield stress t 0 from pure squeeze is also found to be higher than that from pure shear, which is likely induced by MRF anisotropy, and leaves MRF with higher equivalent shear stress in compression than shear.
As a comparison, the theoretical shear stress (equation (9)) and theoretical compressive stress (equation (10)) are plotted (green triangles) in Figure 7 (a) using the squeeze speed ðV Þ and the rotational velocity ðOÞ from each test shown in Figure 6 . Although not exact, the general tendency between theoretical yield stress distribution (green triangles) and experimental yield stress distribution (blue squares) is similar. Differences are mainly attributed to squeeze-strengthening, experimental measurement precision, and theoretical approximations such as neglecting viscosity.
Using equation (8), the equivalent stress resulting from Figure 6 (a) and (b) is plotted in Figure 8 . These results now show that high compression speeds (1-5 mm/s) lead to constant equivalent stress (dashed line, 120 kPa), typical of a homogeneous (no squeezestrengthening) behavior (Bigue´et al., 2017) . However, slow compression speeds (0.05-0.5 mm/s) lead to significant increase in the equivalent stress below the transition gap height ðhÞ (see green markers), such as expected from the squeeze-strengthening behavior. Moreover, as seen in Figure 8(b) , the MRF shear stress resulting from slow compression speeds is found linearly dependant on the compressive pressure (P). At quasi-static compression speed ð0:05 mm=sÞ, this linear dependency K H = 0:228 is within the lower range of typical squeeze-strengthening results found by Tao (2001) . As compression speed increased, the coupling factor K H appears to decrease proportionally to compression speed. For high compression speeds, where no squeeze-strengthening behavior is observed, the coupling factor reduces to zero ðK H ! 0Þ.
MRF squeeze-strengthening under simultaneous squeeze-shear
To better understand the effect of rotation on the occurrence and evolution of squeeze-strengthening, simultaneous squeeze-shear tests are performed with MRF#1. Typical results are presented in Figure 9 where compression speed ðV = 0:05 mm=sÞ and magnetic field ðB = 0:82 TÞ are the same for each test, while rotational speed O is varied from 0 to 5 r/min. From Figure 9 (a), it is clear that rotation greatly delays the squeeze-strengthening. As seen in Figure 9 (b), however, this increase in rotational speed does not significantly affect the coupling factor ðK H Þ between shear stress ðt sh Þ and applied pressure ðPÞ when MRF exhibited squeeze-strengthening behavior.
To further understand the trends observed in Figure  9 (a), transition gap heights ðhÞ are recorded from all simultaneous squeeze-shear tests (as shown by markers in Figure 9 (a)) and are used to calculate the nondimensional viscosity (equation (4)) as a function of the modified Darcy number (equation (5)). Results are shown in Figure 10(a) , where different markers represent different rotational speeds. Taking all data into account, significant deviations are observed between experimental data and the Pe´clet number predictions (dashed line), indicating that filtration and the von Mises criteria cannot solely explain the effect of superimposed rotation. Thus, color is also used to separate conditions where the flow is squeeze dominant (h.1) from the conditions where the flow is shear dominant ðh\1Þ at the transition gap heights ðhÞ predicted by the Pe´clet number ðPe = 1Þ in equation (7).
Graphically taking into account the flow dominance criterion, a better correlation is seen between the theoretical prediction (dashed line) and experimental occurrences of squeeze-strengthening in squeeze-dominant flows ðh.1Þ than in shear-dominant flows ðh\1Þ. This provides the understanding that during compression, when filtration conditions are reached ðPe = 1Þ, squeeze-dominant flows ðh.1Þ lead to significant increase in MRF yield stress, of which the occurrence can be reasonably predicted by the Pe´clet number of equation (7). However, flows that are shear dominant ðh\1Þ when filtration conditions are reached during compression ðPe = 1Þ are further delayed, to a smaller gap height, than the theoretical predictions. As discussed, this behavior can be explained by the evolution of the MRF microstructure itself.
Using equation (12), the data from Figure 10 (a) are replotted in Figure 10(b) , where a better correlation is found between experimental occurrence of squeezestrengthening and the theoretical prediction for the conditions where shear flow is dominant ðh\1Þ. Note that some variation is caused by very gradual evolution of the equivalent stress (e.g. see Figure 9 (a)) in sheardominant flows, which makes it difficult to identify the exact gap height ðhÞ where squeeze-strengthening begins, that is, when the equivalent stress crosses the theoretical (dashed) line of constant yield stress.
To further understand the impact of the squeeze-toshear-rate ratio, ðhÞ, simultaneous squeeze-shear tests are performed using a constant squeeze-to-shear-rate ratio ðh = cteÞ. As expected, the results from the equivalent stress, plotted in Figure 11 (a), show that squeezestrengthening occurrence is significantly delayed as squeeze dominance is reduced ðh ! 1Þ. As seen in Figure 11 (b), the shear-rate ratio also impacts the coupling factor K H between shear stress and applied pressure, which appears optimal ðK H = 0:210Þ for h = 1. From this optimal condition, the K H factor decreases almost proportionally as squeeze-to-shear-rate ratio either increases or decreases. This understanding corroborates the observations from Figure 8(b) , where increase in compression speed decreases the coupling factor K H , as well as Figure 9(b) , where the reduction in gap height ðhÞ compensated for the increase in rotational speed ðOÞ in order to provide a constant coupling factor.
Achieving MRF squeeze-strengthening under simultaneous squeeze-shear at high rotational speeds
With the provided understanding that the squeeze-toshear-rate ratio limits the occurrence of squeezestrengthening in simultaneous squeeze-shear, it can be deduced that achieving high stress at high rotational speeds relies upon achieving squeeze-strengthening at high compression speeds. Thus, MRF#2 is designed to produce significant filtration at high compression speeds (e.g. 5 mm=s) using large particles (see Table 1 ). Experimental results obtained by squeezing MRF#2 at 5 mm=s while submitted to high magnetic field (;0.82 T) are shown in Figure 12 , where very high stresses (1000 kPa) are recorded with rotational velocities up to 200 r/min (limited by motor). Not surprisingly, the relation between shear stress and pressure is linear and typically optimal when h;1, that is, for rotational speeds over 25 r/min. The slightly higher K H factor, obtained at highest rotational velocity, is explained by the high magnetic attraction of the large particles and unaccounted dynamic effects due to high squeeze-shear speeds.
Conclusion
In order to understand the impact of rotation on the rheological behavior of MRF and the occurrence of squeeze-strengthening, this study performs a thorough experimental characterization of high-concentration MRF submitted to simultaneous squeeze-shear conditions.
Experimental results from simultaneous squeezeshear tests performed in advective conditions (no filtration) show that the typical MRF behavior can be explained using a von Mises yield criterion. Including this yield criterion in the Pe´clet number, the occurrence of squeeze-strengthening was found to be well predicted by the Pe´clet number in squeeze-dominant flows but gradually delayed as flow tends toward shear dominance. A better correlation was found when using a modified Pe´clet number, which also takes into account the evolution of the MRF microstructure through the squeeze-to-shear-rate ratio. This shear-rate ratio was also found to play a key role in the magnitude of the linear relation between shear stress and compressive force when squeeze-strengthening behavior is observed and found maximal when squeeze and shear rates are roughly in a one-to-one ratio.
Altogether, the understanding provided by this study is that superimposed rotation affects the squeezestrengthening by first reducing the radial stress which causes the filtration phenomenon, and second, by affecting the rate of creation/destruction of the MRF microstructure through the squeeze-to-shear-rate ratio. Based on this understanding, it is experimentally demonstrated that very high yield stresses (.1000 kPa) can be obtained at high rotational velocities (e.g. 200 r/min) by maximizing the filtration phenomenon in order to achieve squeeze-strengthening behavior at high compression velocities (e.g. 5 mm/s).
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